Recent advances in sold freeform fabrication (SFF) present tremendous design freedom for a product design with complex geometries. In this paper, we consider the problem of using rigid materials to design flexible skin of a product component for SFF. A design strategy based on the combination of welldefined meso-structures is presented to achieve desired heterogeneous material properties, and consequently desired flexibility in target directions and positions. We present our computational framework to automate the design optimization process. Due to the dramatically increased design space, a brute force or traditional design optimization method such as the genetic algorithm (GA) and particle swam optimization (PSO) is not efficient. We present a design method based on the idea of analyzing the flexibility of each link for given mesostructures. Two experimental examples are presented to demonstrate its usage in generating the maximum/minimum and target displacements. We also present its comparison with the GA and PSO methods.
INTRODUCTION
Rigidity/flexibility is an important consideration in designing a product component. In many cases, we wish a product component or portion of it to be flexible instead of rigid. That is, when applying loads, the product component will change its shape by a certain amount. There are many different types of materials such as rubbers, silicones and polyurethane that are widely used in various products to achieve such flexibility requirements. However, these flexible materials can only transform displacements within a limited region that is very close to the force location. In addition, the component made by such soft materials will be flexible in all directions.
To use rigid material to achieve desired flexibility, a wide variety of compliant mechanisms have been developed. The most well-known ones are springs and cantilever beams. They can transfer certain amount of motion/energy from one point to another. However, most of such mechanisms are designed in the same size scale as the product component. Therefore, they can only be designed for limited types of displacements at limited number of positions. Figure 1 . An example of using meso-structures to achieve heterogeneous material properties.
In this paper, we are considering a unique problem of using a big amount of compliant mechanisms in a smaller scale to achieve controllable flexibility in a product component. We call these compliant mechanisms in meso-scale level as mesostructures. They are the geometric arrangement of materials on a scale that is insignificant when compared to a product component in which they are used (Chen and Wang 2008 ). An example of such meso-structures (a set of springs and beams) is shown in Figure 1 . Due to the large amount of meso-structures, a product component may achieve complex flexibility. That is, the component with meso-structures can behave differently in different directions (e.g. E y and E z >> E x ) and locations (e.g. E x1 > E x2 > E x3 > E x4 ). Sufficiently large design space enable by the large amount of meso-structures may also allow us to accurately control such behaviors (i.e. achieving displacement at a given position in a given direction and amount under a loading condition).
The characteristic length of our meso-structures is in the range of 1-10mm. It is mainly determined by a new type of manufacturing processes called solid freeform fabrication (SFF) . Over the last twenty years, the SFF processes have been developed based on the layer-based additive principle (Beaman, Barlow et al. 1996) . Recent advances in material, process and machine development have enabled the SFF process to evolve from prototype usage to direct product manufacturing (rapid manufacturing) especially for aerospace and medical applications. The SFF processes can directly fabricate parts from CAD models without part-specific tooling or fixtures. Consequently, truly complex 3-dimensional shapes in macroand meso-scale levels (feature size > 0.1 mm) can be costeffectively fabricated by them. This revolutionary capability allows complex meso-structures be designed with any configurations based on given design requirements.
Therefore, in essence, we are using rigid materials and complex shapes that are enabled by the SFF to achieve desired heterogeneous material properties, and consequently target flexibility, in a product component.
HETEROGENEOUS MATERIAL PROPERTIES BASED ON MESO-STRUCTURES
The usage of meso-structures or different types of cellular structures in a product component is not new. The benefits of component design with cellular structures have been demonstrated in a wide variety of structural applications (Gibson and Ashby 1997) , thermal applications (McDowell 1998) and biomedical applications (Ma and Elisseeff 2005) . Some examples of such applications are shown in Figure 2 . These structures are innovative periodic cellular materials that derive their outstanding mechanical and other physical performance from a structure of highly ordered unit cells rather than the properties of the parent materials. There are a lot of desired properties that can be achieved by cellular materials include high specific stiffness, high capacity for kinetic energy absorption, excellent vibration absorption and damping characteristics (Gibson and Ashby 1997) .
For desired properties, the design of such cellular structures is highly related to the manufacturing processes that will be used to fabricate them. For example, most metal foams are made by stochastic manufacturing processes such as metal gas injection. Due to the lack of accurate control in those processes, the accurate shape modeling of cellular structures is not required or necessary.
As another example, most corrugated panels or honeycomb structures are made by sheet metal forming processes (refer to Figure 1 .a-bottom). Consequently, limited variations can be achieved in the corrugation configurations. Therefore, most studies on cellular structure design (Bendsoe and Kikuchi 1988; Bendsoe 1995; Gibson and Ashby 1997; Sigmund 1997; Sigmund 2000) are focused on the topology design of a single cellular structure and its properties. Based on such properties, the macro-level component property is studied by assuming a component has only a single type of cellular structures and all of them are identical. In comparison, we focus on the problem of how to use a combination of pre-defined meso-structures to achieve desired properties. In addition to multiple types of mesostructures that can be used in a component, each meso-structure can be tailored with a unique size. Another type of mesoscopic structures is the compliant structure, in which some elements are designed to be intentionally flexible. This flexibility allows the structure to function as a mechanism (i.e. compliant mechanism) (Howell 2001) . The design of compliant mechanisms has been intensively studied. Two most popular design methods are the pseudo-rigid-body model (Jensen and Howell 2003; Jensen and Howell 2004 ) and topology optimization (Sigmund 1997; Joo, Kota et al. 2000; Joo and Kota 2004; Lu and Kota 2006) . In the pseudorigid-body model method, a flexible beam is approximated by a rigid, rotating beam and a torsional spring placed at the pin joint. The topology optimization method is more general. It studies how to distribute materials in a design domain such that an objective function is optimized. Some popular approaches, such as homogenization and ground structure methods have been proposed for designing compliant mechanisms.
Compared to our approach, the topology optimization methods use much smaller/basic elements. That is, (1) in the homogenization method, a set of small cells (similar to voxels) is adopted and determined to be black or white; and (2) in the ground structure method, a set of beams/bars that connect pre-defined nodes are the design elements. In comparison, a meso-structure considered in our method is a level higher than the elements used in the topology optimization methods. For example, hundreds or even thousands of cells marked as "black/white" in homogenization method can form a meso-structure such as a spring. Therefore, we believe the meso-structures as studied in this paper are a bridge between the system level component design and the micro/meso level material design based on the topology optimization methods.
DESIRED COMPLEXITY BY PERFORMANCE-TAILORED MESO-STRUCTURES
In our method, we are trying to tailor each meso-structure by adjusting its type and parameters to achieve desired properties of a product component. Such performance-tailored meso-structures provide an alternative way to design product components with desired flexibility. A component with such performance-tailored meso-structures will definitely be more complex. However, such a complex design may be beneficial since as stated in the Law of Requisite Variety (Ashby 1956 ), the more states (variety) a system is capable of possessing, the more requirements it is capable of achieving and the more disturbances it is capable of handling. By observing biological systems, Ashby concluded that in order for a system to be capable of surviving in a complex environment, the level of complexity of the system must increase to at least the same level as its environment. Thus an increase in the complexity of the system is critical for its robustness and adaptability.
Similarly a component design must be more complex if more design specifications are required to define it. The introduction of performance-tailored meso-structures in a product component can dramatically increase the design freedoms that are available for a designer. Consequently, we believe performance-tailored meso-structures provide a potential solution to achieve heterogeneous material properties and consequently multi-functionality in a component.
A feasibility study based on the CAD model of a bunny has been performed (refer to Figure 3 ). We used two types of meso-structures (rigid beams and flexible springs) to design a flexible skin. We designed the CAD model and built it by using a SFF process, selective laser sintering (SLS). Based on the built physical model, we believe the combination of such a large number of meso-structures provides us sufficient design freedom to achieve multiple types of movements. For example, we can push up and down the bunny's head as shown in Figure  3 . We can also rotate its head in various directions. By changing some meso-structures, we can achieve different flexibility requirements in different locations. We may also add certain degree of robustness in the design such that the desired flexibility will not be affected even if one spring or beam is broken. Figure 3 . A feasibility study of achieving multiple design requirements (i.e. pushing up/down and rotating) by mesostructures.
Therefore, by using an extra layer of meso-structures in a component design, we will lead to a higher level of complexity, which correlates to a higher level of variety. The intelligently design of such combination of meso-structures may allow a component design to satisfy complex design requirements.
FLEXIBLE SKIN DESIGN PROBLEM
In this paper, we investigate the flexible skin design problem based on performance-tailored meso-structures. Assume constraints and n loads acting on a component skin are given. An external load can be either a force or a moment. A product's skin is usually defined by a boundary representation (B-rep). Therefore, such skin can easily be approximated by a set of nodes and links. In this paper, we assume a set of nodes N i and links L j between N i have been given. We will only consider L j as the candidates for performance-tailored mesostructures. Further optimizing the positions of N i and topology of L j (i.e. node connections) can give us an even bigger design space for a flexible skin design.
There are many different types of meso-structures that can be considered including the research results generated by the topology optimization (Wang 2005; Chen 2007) . In this paper, we just use two types of meso-structures, a rigid beam B j and a spring S j , since they are simple and easy to understand. Yet a large combination of such simple elements can have sufficient capability to achieve desired flexibility. This is similar to the black/white pixels used in a digital image. Even though we have only two bits (0/1), their combinations of a large set of bits can draw a wide variety of images.
In our study, we assume all the rigid beams will have the same size (we set r = 0.65mm in our study) since changing their sizes has a relatively small effect on the flexibility of a component's skin. A spring can be defined by a set of parameters: radius of spring wire r, outer radius of spring R, lead of coil L coil , and total spring length L spring . To simplify the problem, we fix r, R, and L coil based on our experience of the target manufacturing process (for SLS process, we set r = 0.65mm, R = 1.35mm, L coil = 2.1mm) and only change the spring length L spring . Suppose the length of a link between two nodes is L Beam . We define the spring length ratio γ = L spring / L Beam . Therefore, we can tailor the flexibility of a spring by changing its γ. In our study, we set the range of the ratio γ from 1 / 3 to ½. The inclusion of more spring variables will only give us more design freedoms without affecting our design method.
Therefore, the flexible skin design problem considered in this paper aims at using a combination of beams B j (fixed) and springs S j (with some variations) to achieve desired flexibility at target positions. Due to the tremendous design freedom, a design method based on the meso-structures may provide novel designs for various design problems such as:
(1) Type I: the minimum or maximum displacements. In applications related to vibration controls (i.e. reducing or magnifying vibration from a source), the design of a component needs to address design problems such as how to achieve the minimum or maximum displacement at one or multiple target points for one or multiple loading conditions.
(2) Type II: target displacements. In more general applications such as morphing wing design (Lu and Kota 2003) or amplifying the output displacement of a piezoelectric actuator, a component needs to change to a desired shape under external forces. Therefore, the design of a component needs to address design problems such as how to achieve the target displacements at one or multiple target points for one or multiple loading conditions.
In this paper, we present an optimization method based on the flexibility analysis of the links in a given skin model. The computational framework and related optimization techniques are discussed for the aforementioned design problems. Due to the space limitation, we will focus on the first type of design problem in this paper. The remainder of the paper is organized as follows. In Section 5, we first present the computational framework including all the automation tools developed for the flexible skin design. In Section 6, we discuss various optimization methods for the flexible skin design. In Section 7, we present a technique called flexibility contribution factors for the flexibility analysis of links and discuss some of its properties. In Section 8, we present the optimization methods based on the flexibility contribution factors for achieving target displacements. A more complex case is presented in Section 9 with a comparison with other optimization methods such as GA. Finally, we draw the conclusion and discuss future work in Section 10.
COMPUTATIONAL FRAMEWORK FOR FLEXIBLE SKIN DESIGN
A large number of meso-structures pose significant challenges in analyzing, synthesizing, and optimizing a component's skin design to meet the given flexibility requirements. In this research, we will only consider elastic deformations under static loads. Although a wealth of literatures exist on analyzing structures with beams and springs under such conditions, we decide to use a commercial finite element analysis (FEA) system for computing the deformation of meso-structures under loads. A well-accepted FEA system can provide us general and reliable simulation results for a wide variety of displacements and loads. We use COMSOL Multiphysics 3.2 (www.comsol.com) as the FEA tool in our computational framework. Based on a provided programming language, COMSOL script, we develop a set of automation tools for the analysis process. The computational framework we set up for the flexible skin design is shown in Figure 4 . For a given component skin, we first define a script design pattern which incorporates design requirements such as base material properties, supports, and loads. According to the design pattern, a software module, analysis script generator, will automatically generate a script file (.M) for a meso-structure configuration. The script file will be analyzed by COMSOL Multiphysics. We run the simulation in the batch mode such that the FEA analysis can be performed in the background without any user interactions. After the simulation, COMSOL Multiphysics will save post-processing data in a specified format at a given file path. Accordingly, we develop another software module, FEA result analyzer, to extract target displacements related to the flexibility requirements. The analyzed results will be sent to a design optimization module, which will be discussed in more details in the next section. Based on the FEA results, the design optimization module will determine how to refine the configurations of meso-structures for further analysis. Finally, an optimized design configuration will be generated for achieving the desired flexibility requirements. A software module, CAD model generator, will then construct a valid polygonal model (.STL) for the skin with meso-structures based on the design configuration (Chen and Wang 2008) . The model can then be built in a SFF system for physical models.
In the analysis of meso-structures consisting of beams and springs, we use 3-dimensional Euler beams in the FEA model. This is based on the consideration that both bending and torsion in addition to axial loading exist in such meso-structures. For a spring that is mathematically well-defined, we use a large number of small beams to approximate it. Therefore, the FEA model we send to COMSOL Multiphysics actually contains a set of 3-dimensional Euler beams. In order to ensure the flexibility analysis results are accurate, we select various test cases including examples provided in textbooks and by using another FEA software system (ANSYS) for verification. In all the test cases, the FEA simulation results generated by our automation tools are satisfactory with small differences (generally less than 5%). In our FEA model, we did not consider conditions such as yield failure, fracture failure or buckling. They can be added by checking the stresses of each Euler beam based on the FEA results. We also test the simulation time of our automation tools. Not surprisingly, the running time for generating the analysis results is proportional to the number of Euler beams in a FEA model. The running time is generally satisfactory. For example, two FEA results generated by our automation tools are shown in Figure 5 . A color scheme is also given to show the deformations. In Figure 5 .(a), the bunny model has all rigid beams (beam number is 220); in Figure 5 . (b), some of the beams have been replaced by flexible springs which are approximated by smaller Euler beams (beam number is 1,750). The supports and loads are shown in Figure 20 . It takes around 22 and 31 seconds respectively for generating the analysis results by using a PC with Pentium D 3.2GHz and 2GB DRAM. The same base material (Nylon) and amount of forces are used in both simulations. It can be seen from the results that the maximum displacements will significantly increase (by ~10 times) after replacing some beams with springs.
OPTIMIZATION METHODS FOR FLEXIBLE SKIN DESIGN
The flexible skin design in our work is a complex combinatorial problem, in which the computational expense exponentially increases with the problem scale. Worst of all, we have no explicit objective function related to design variables. Consequently, this type of problem is usually an NP hard problem and will need some type of heuristics in its optimization process. To perform the optimization of a flexible skin design, we investigate various optimization approaches including the state-of-the-art meta-heuristics methods such as Genetic Algorithm (Holland 1992) and Particle Swarm Optimization (Kennedy and Eberhart 1995; Kennedy, Eberhart et al. 2001) .
(1) The genetic algorithm (GA) method is based on the natural selection by mimicking the evolution process of biological systems. GA first randomly generates a generation of individuals, then removes bad individuals and produces better and better ones. GA is a probabilistic method and only relies on the objective value; it has no requirement on the properties about the objective function like continuity, differentiability, convexity, etc.
(2) The particle swarm optimization (PSO) is another kind of evolutionary computing technology to mimic the social behavior of animals such as fish schooling and bird flocking. The biologic colonies demonstrate that intelligence generated from complex activities such as cooperation and competition among individuals can provide efficient solutions for various optimization problems.
Based on the investigation, we found the aforementioned meta-heuristics methods are both population based methods. They can solve small scale problem efficiently. However, the quality and efficiency of the solution is much worse for more complex models and design requirements (refer to a comparison of the test results as shown in Table 1 and 2). Figure 4 to analyze all the combinations of rigid beams and flexible springs. Such a brute force method may take days for even a small scale problem (e.g. for a structure with only 20 links, the total combination number of beams and springs would be 2 20 = 1,048,576). However, the exhausted search can provide us a benchmark for a comparison with the optimization results of other methods. An analysis of the exhausted search results also provides us some interesting findings.
(1) The flexibility of each link will have a different impact on the desired flexibility at a target position. That is, some links will have bigger impacts to the target displacements while some other links will have neglectable impacts.
(2) The flexibility of a link may inversely affect the flexibility at a target position. That is, when replacing some beams by springs for those links, the target displacement will decrease instead of increase.
(3) It is important to determine the flexibility of each link such that a desired heterogeneous material property can be achieved for the target flexibility in a skin design.
Target Point
External force An example of a simple 10-beam structure (B 0 ~ B 9 ) is shown in Figure 6 to demonstrate such a phenomenon. Suppose four beams B 4 ~ B 7 are constrained by a bottom plate. An external force is added at node N 1 along the direction of beam B 8 , and we are interested in the displacement of node N 2 . The analysis results indicate that by replacing B i by S i for each link, the displacement at N 2 will generally increase except for B 8 and B 9 . That is, the replacement of B 8 by a spring will reduce the displacement at N 2 instead of increasing it (refer to the results as shown in Figure 7) . A possible explanation is that the spring at B 8 will store some deformation energy, and, consequently, reduce the displacement at N 2 . Beam B 9 is not connected to any constraint or external load. Therefore, B 9 will have no effect on the displacement of N 2 .
The flexibility analysis of each link can provide us helpful heuristic in the flexible skin design. In the next section, we will present a technique called flexibility contribution factors (FCF) for such analysis. Correspondingly, a new heuristic method based on FCF is developed and presented in Section 8 for the design problems of achieving target displacements under loads.
FLEXIBILITY CONTRIBUTION FACTORS
In the Type I design problem as shown in Section 4, we are interested in the size of a displacement without considering its direction. This is common in applications such as vibration controls, in which, we are interested in the displacement of a target point due to a vibration source. It is well known that using some flexible materials can reduce the broadcasting of vibration. In this study, we further demonstrate that a combination of rigid beams and flexible springs can reduce or magnify the displacements of one or multiple target points. Although we only consider static loads in our study, we believe our method can be extended to dynamic loads that are typically required by vibration controls.
Definition of Flexibility Contribution Factor
In our study, a link L i can be either a beam (B i ) or a spring (S i ). Its stiffness can be measured by the well-known spring constant K Li = F/x as shown in Hooke's law. We can also define C Li = 1/K Li = x/F as a measurement of the flexibility of L i . A quantitative study indicates that a beam in our study has K Li ≈ 70,000 N/m; while a spring with the spring length ratio γ = 1 / 3 and ½ has K Li ≈ 2,400 N/m and 1,600 N/m respectively. Therefore, stiffness K Bi >> K Si while flexibility C Bi << C Si . By changing a link from a beam to a spring, its flexibility C Li increases dramatically (30~40 times). This is because different physical principles are dominant in a beam and a spring respectively. However, for a spring with different γ, its flexibility change will be much smaller (~30%). Therefore, in the flexibility analysis of a link, we will focus on the loaddeformation behavior difference between a beam (B i ) and a spring (S i ).
Suppose all the links of a 3D skin model are represented as rigid beams B i which have flexibility C Bi . For given loads and constraints, the displacement of a target point T k has a size of 1 ( )
. By replacing B i by a spring S i , the flexibility of the link is increased to C Si . Due to such a single replacement in the skin model, the displacement of T k will have a size of 1 ( )
under the same loads and constraints. Suppose the displacement size of μ Tk is the output that we are interested in the flexible skin design. We can define the output-to-flexibility amplification (deamplification) relationship based on ( )
, which is denoted as the flexibility contribution factor of a link L i (denoted as FCF Li ). Therefore FCF Li is a qualifier that attaches a number to a specific link for characterizing the link by its capacity of creating desired target displacements. Based on the flexibility contribution factor, we can classify all the links into three categories:
( 
Properties of Flexibility Contribution Factors
We study the flexibility contribution factors and identify some of its properties.
(1) Different target points. The flexibility contribution factor of a link is closely related to the location of a target point. Their values including their signs and relative sizes will be dramatically different for different target points. For example, for the 10-beam model as shown in Figure 8 , if we change the target point from N 2 to N 3 or N 4 , we will get different sets of flexibility contribution factors, which are shown in Figure 9 . Notice there are no negative contribution factors among them. Similar to different target points, the flexibility contribution factors are closely related to the topology of links, the positions and directions of loads and constraints.
(3) Different load sizes and base materials. Assuming that n loads act on an elastic body, the deformation at a specific location T k can be found as (Lobontiu 2003) , the deformation at any point in an elastic body under the action of a load system is equal to the sum of deformations produced by each load when acting separately. Therefore, we only need to consider one load in studying its properties. The test results on the 10-beam model indicate that, for different load sizes or base materials (e.g. Nylon or steel), (1) the sign of FCF Li will not change (i.e. the links with positive/neutral/negative contribution factors will remain in the same sets); (2) the ranked orders of FCF Li based on their sizes will not change. For the 10-beam model, an example of the flexibility contribution factors for different load sizes is shown in Figure 10 . In the figure, the number of beams in the X axis refer to B 0 ~ B 9 as shown in Figure 6 . 
Predictability of Flexibility Contribution Factors
In (1) Design of Experiment (DOE) for simple test cases.
As discussed in Section 6, we use the computational framework to simulate all the combinations of beams and springs for the 10-beam model. The simulation data provides us a benchmark for analyzing the interactions of FCF Li . Based on Design of Experiment method, we perform a fractional factorial experiment based on 10 factors related to the 10 links in the model. Each factor has two levels, a beam (C Bi ) or a spring (C Si ). The results of a 10 3 V
10
− design to understand the effects of the two-way interactions are shown as follows. In Figure 12 , the Pareto chart shows that the main factors (B 1 ~ B 9 ) have significant effect; while the interactions between the main factors have little effects. In Figure 13 , the main effects plot shows that beam 1-8 have positive effect, beam 9 has negative effect, and beam 10 has no effect. In Figure 14 , the 2-Way Interaction plot illustrates the interaction between FCF Li is not significant since all the plots have parallel lines. (2) Accumulated displacement for complex test cases. For more complex test cases, it is infeasible to run the exhaustive search or the DOE approach to study the interactions between FCF Li . Instead, we use a technique called the accumulated displacement and a greedy method to study the sign and ranked order of FCF Li . They are discussed in more details in Section 8 and 9.
Based on our studies, the interactions between FCF Li have limited effects on their signs and ranked orders. Therefore, we can compute the flexibility contribution factor FCF L for a given flexible skin design with fixed loads, supports and topology (both nodes and links). Their signs and ranked orders provide a good indicator for the flexibility analysis of all the links.
TARGET DISPLACEMENTS BY FLEXIBILITY CONTRIBUTION FACTOR METHOD
Based on FCF Li , we present a new constructive heuristics method, Flexibility Contribution Factor (FCF) Method.
Flexibility Contribution Factor Method
Our FCF method contains two major steps for analyzing the relation between the flexibility of a link and a target displacement.
(1) Computing FCF Li . The equations and related descriptions for computing the flexibility contribution factor FCF Li have been presented in Section 7.1. As the result, we will have three sets of links, positive, negative and neutral contribution factors. In addition, all the links in each set can be easily sorted based on their sizes.
The computation complexity of computing FCF Li is linear ( ) (n O ). Therefore, the computation time is satisfactory. For example, for a bunny model as shown in Figure 5 which has 220 links, it takes ~1.2 hour to compute FCF Li for all the links.
(2) Computing accumulated displacement of FCF Li . For a desired flexibility in a target position, we can determine the order for sorting FCF Li . For example, for achieving the maximum displacement, FCF Li can be sorted from the biggest to the smallest considering their signs; while for achieving the minimum displacement they can be sorted in the reverse order. Therefore, based on the sorted FCF Li , we can compute the accumulated displacement of FCF Li by using the following steps: Figure 15 . Accumulated displacement with minimal and maximal spring ratios for the 10-beam model.
For FCF Li as shown in Figure 11 , the computed accumulated displacements are shown in Figure 15 , it generally takes a short time (<<1 second) since all related computations are rather simple.
Flexible Skin with Multiple Maximum/Minimum
Displacements Assuming that the deformation at a location T k under a given loading condition is μ Tk .
For a multi-objective optimization problem with multiple target displacements, the math formulation of the maximum/minimum displacements is given as follows:
GIVEN:
Nodes N i , links L j , targets T k , loads, and constraints FIND:
Beams B j , springs S j with length ratio γ Sj . SATISFY: . In addition, ω k > 0 for the maximum displacements; and ω k < 0 for the minimum displacements since the objective in the math formulation is set as maximize. The steps of our design method based on FCF Li are given as follows.
Step 1: Compute FCF Lj (μ Tk ) for each location T k ;
Step 2:
Step 3: Sort FCF Lj based on its size;
Step 4: Set L j as S j with γ Sj = γ max if FCF Lj > 0; otherwise set L j as B j .
We apply the FCF method to optimize the maximum/minimum displacement of node N 2 in the 10-beam model. After computing FCF Lj (μ N2 ), (1) for the maximum displacement of N 2 , its weight ω = 1. We simply replace all the links whose FCF Lj (μ N2 ) > 0 with springs γ Sj = γ max . Consequently an optimized result can be generated as shown in We also use a hybrid optimization method by integrating GA and PSO to calculate the maximum displacement of N 2 . We first use GA by fixing γ Sj = 1 / 3 to try different combinations of beams and springs. Based on the resulted combination, we then use PSO to optimize γ Sj of all the springs. The search space of γ Sj is set as [ 1 / 3 , 1 / 2 ]. The converging curve of the maximal displacement according to the evolutionary process is shown in Figure 17 . It turns out that the FCF method can generate a better result with much shorter time. The running results are given in Table 1 . The displacement of N 2 in the 10-beam model without any springs is 0.782mm. Therefore, the replacement of B 8 by a spring S 8 will reduce its displacement; hence the flexibility of S 8 will contribute to the damping of the vibration from N 1 to N 2 . When we increase γ S8 from 1 / 3 to 1 / 2 , μ N2 decreases from 0.768mm to 0.766mm. Ideally if we keep on increasing the flexibility of S 8 , the displacement μ N2 will keep decreasing.
When the flexibility of S 8 is set as infinity, the link between N 1 and N 2 is essentially deleted. This leads to a new model with
only 9 beams. We analyze the 9-beam model (with B 8 deleted).
The displacement μ N2 = 0.618mm, which verifies our analysis.
Flexible Skin with a Target Displacement
A more challenging optimization problem is to achieve a target displacement d Tk which is not necessarily the maximum or minimum displacement at T k . The math formulation of the target displacement problem is given as follows:
GIVEN: Nodes N i , links L j , target T k and d Tk , loads, and constraints FIND:
Beams B j and springs S j with length ratio γ Sj .
The steps of our design method based on FCF Li for achieving the target displacements d Tk are given as follows.
Step 1: Compute FCF Lj (μ Tk ) for T k ;
Step 2 Step 4: Use particle swarm optimization (PSO) method to optimize the spring settings of S m for a minimum difference between μ Tk and d Tk .
We apply the FCF method to optimize the target displacement of node N 2 in the 10-beam model. Suppose the target displacement d N2 is 1.0mm. Based on FCF Lj (μ N2 ), we can compute the accumulated displacements Acc-Disp γmin and AccDisp γmax , which are shown in Figure 18 .(a). For d N2 = 1.0mm, we can identify a set of candidates with the minimal number of links (B 4 , B 6 , B 7 ) such that Acc-Disp γmin ≤ d Tk ≤ Acc-Disp γmax . Therefore for a corresponding structure as shown in Figure  18 .(b), it has sufficient design space for achieving the target displacement. We further use PSO to optimize the spring length ratios of the identified springs. The optimization result based on PSO is shown in Figure 19 . After around 10 iterations, the difference between μ Tk and d Tk converges to around 0. Therefore, in essence, we use FCF method to select a set of candidate links such that the given target displacement can be achieved based on the selected links. However, compared to the full optimization of all the links, our method can significantly reduce the number of variables required in an optimization method. For example, in the case as shown in Figure 18 , only 3 springs, instead of 10, will be considered in PSO; in the case as shown in Figure 25 .(b), only 4 springs, instead of 220, will be optimized. Consequently the optimization process can be run much faster, especially for complex models.
EXPERIMENTAL RESULTS AND ANALYSIS
A Flexibility Design Exploration Testbed has been implemented using C++ programming language with Microsoft Visual C++ 2005 complier. In addition to the FEA (COMSOL Multiphysics) and the automation tools as shown in Figure 4 , we also integrate various optimization modules based on the methods including flexibility contribution factor, greedy, GA and PSO in our testbed. The optimized result can be dynamically shown in the testbed to assist the data analysis. We present the test results of a more complex model in this section. As shown in Figure 20 , a bunny model with 220 beams is considered. Suppose the model is constrained at its bottom. Two forces (F 1 and F 2 ) are provided to twist its head. The target displacement we are interested in is at the end of one ear (T 1 ).
Based on the procedure described in Section 7.1, we can compute the flexibility contribution factors FCF Li for all the links (we set springs at γ = 1 / 3 ). The computed FCF Li are shown in Figure 21 . In the figure, a link is drawn in a darker line if its |FCF Li | is bigger; in addition, a link with negative contribution factors is drawn in a dotted line. GA method: We use a binary string to represent the parameters: bit "1" denotes the beam is changed with a spring and bit "0" denotes the beam is untouched. For the genetic operators, we choose uniform crossover and one point mutation operator, roulette wheel selector. The probability of crossover is set at p c =0.9; the probability of mutation is set at p m =0.01; the population size N ga =30; and the maximal cut off generation is MaxGen ga =100.
Greedy method: In this method, we calculate the flexibility contribution factors for all the links that are still set as beams. Base on the computed results, we identify the best T 1 T 2 link L i among the candidates whose replacement by a spring S i can give us the maximum displacement at T 1 . After L i is set as S i , we update the FEA model accordingly and remove L i from the candidate links. For the remaining candidates, we repeat the aforementioned process by recalculating their flexibility contribution factors under the new settings. The optimization process will continue until no replacement of S i can increase the displacement. Therefore, unlike the FCF method, in the greedy method we will update the flexibility contribution factors in each iteration. The updating scheme will dramatically increase the computation time. However, the interactions between FCF Li will be considered in the greedy method.
FCF method: Based on the steps described in Section 8.2, we compute FCF Lj (μ T1 ) and replace all the links whose FCF Lj (μ T1 ) > 0 with springs. The model generated by the FCF method respect to the maximum displacement is shown in Figure 25 .(a), which leads to μ T1 = 3.24mm. The running results by the three aforementioned optimization methods are shown in Table 2 . The results illustrate that the flexibility contribution factor (FCF) method is both effective and efficient. We also use the FCF method as described in Section 8.3 for a target displacement of 0mm at T 1 . The model generated by considering the first four links which have the biggest negative contribution factors is shown in Figure 25 .(b). The displacement is 0.08mm, a significant decrease compared to 0.219mm for the all-beam model. The minimum displacement can be further reduced by using PSO method to refine the spring settings.
CONCLUSION AND FUTURE WORK
Ever-more challenging design requirements require the usage of heterogeneous material properties within a product component. We illustrate an important design strategy by using performance-tailored meso-structures to achieve desired heterogeneous material properties. A product component with complex meso-structures can be fabricated by solid freeform fabrication processes.
In a flexible skin design with only two types of mesostructures (beams and springs), both meso-structures are quite simple. However, a large number of their combinations require better design exploration methods. To effectively get a good solution for the desired flexibility, we proposed a constructive heuristics method based on the flexibility analysis of all the links. Related techniques for such purpose are presented including flexibility contribution factors and accumulated displacement. Compared with other meta-heuristics methods such as genetic algorithm and particle swam optimization, the flexibility contribution factor method can dramatically improve the efficiency without loss of the quality. Moreover, it can provide us a group of candidate links for meso-structure design.
Our future work includes the following.
(1) We would like to extend our work to multiple target displacements and loading conditions; (2) We would like to consider both the magnitude and direction of a target displacement.
